Abstract-In this paper, we combine high functionality c-Si CMOS and digitally printed components and interconnects to create an mostly printed integrated electronic system on a flexible substrate that can read and process multiple discrete sensors. Our approach is to create an integrated platform for the fabrication of mechanically flexible sensor tags that can be powered and interrogated wirelessly, precluding the need of a separate on-board power source. The high level system design is aimed at minimizing the number of non-printed components and reducing power consumption to enable energy harvesting from the RF field. Digital fabrication of these systems requires a range of materials, feature sizes, and electrical characteristics. In order to integrate the various printed components on a single substrate, we developed an integrated printer to accommodate a range of inks for printing the antenna, different types of sensors, chip interconnects, and wiring. For chip attachment to the flexible substrate, a method of integrating the die within the thickness of the substrate was developed. With proper system design and fabrication, a complete integrated tag for wireless sensing of temperature, strain, and touch was demonstrated. Our approach facilitates customization to a wide variety of sensors and user interfaces suitable for a broad range of applications including remote monitoring of health, structures, and the environment.
I. INTRODUCTION

M
ECHANICALLY flexible sensor systems can be used to address a broad array of application areas including biomedicine, wearable electronics, transportation, and structural monitoring. Printing is an attractive fabrication method for flexible electronic systems as it enables coverage over large areas, and is typically a low-temperature process, allowing for integration with common plastic substrates [1] - [5] . In addition, printing is a direct patterning process that enables facile customization and, in contrast with typical subtractive methods, avoids damaging sensitive organic or biochemical materials. Printing provides a deposition approach suitable for fabrication of a wide range of sensors, and for integration with other componentry, such as signal processing electronics [1] , [2] , [6] - [11] .
Ideally, for distributed sensing applications, these systems should be standalone, and include all of the components necessary to perform a particular sensing task, and should be capable of disseminating sensor data to networked devices for further analysis [12] , [13] . While wireless transmission of the sensor data for the distributed system is highly desirable, it can be difficult to implement in printed systems due to the performance limitations of printed circuits, the power consumption of the radio, and the antenna impedance matching requirements. Providing on-board power for a flexible, printed system is a particular challenge. Printed batteries can be incorporated into the system, but have limited capacity in thin form factors, necessitating eventual replacement or recharging. To overcome this issue, energy harvesting approaches can be used, including using energy provided by thermal [14] , [15] , optical [16] , mechanical [17] , acoustic [18] or radiofrequency (RF) [19] sources. RF energy harvested from a dedicated source is of particular interest as it allows for a simplified system that can function in a wide range of environments, and can be addressed using readily available readout devices.
Fully printed electronics can provide excellent flexibility and customizability, as well as the potential for low-cost fabrication and the ability to address large-area applications. However, due to materials properties and available feature sizes, printed circuits are currently not suitable for functions such as RF harvesting/data transmission and high-resolution analog-to-digital conversion [20] . Conventional electronics mounted on flexible printed circuit boards provide high performance but have reduced mechanical flexibility and may not be compatible with additive printing techniques. As such, incorporation of silicon dies or packaged chips into a printed platform is a promising approach to enable high performance without significantly compromising mechanical flexibility, cost, or the rapid customizability of printed systems [21] .
Here we describe a passively-powered flexible sensor platform using a hybrid combination of digitally-printed sensors alongside a data-logging chip. The system is demonstrated using strain and touch sensors, which may be useful for applications such as structural health monitoring. The sensor system is composed primarily of printed components, including sensors, antenna, and interconnects. A packaged or baredie RF chip, capable of being powered wirelessly using a dedicated reader device, is mounted on the flexible substrate, and interconnected to the printed components through the use of printing techniques. Such devices typically require multiple passive components, particularly for matching the antenna impedance to the chip input. Here, we focus on minimizing the component count, particularly through RF design of printed conductors, in order to provide as simple a functional system as possible, which is important for reliability and low manufacturing cost.
II. WIRELESS SENSOR SYSTEM DESIGN
Our system design is based on three main considerations: using minimal power consumption for energy harvesting, being able to read multiple sensor inputs, and printing as much of the circuit as possible to minimize the number of discrete components needed. In this study, we designed and constructed a remote sensor system as illustrated in Fig.1 . The system hardware includes a computer, a UHF reader, and the sensor tag itself. The SL900A data-logger chip from AMS was selected from available RF communication chips as the core component of the sensor tag. In our design, the SL900A was operated in fully-passive mode which does not require a battery to supply power. Instead the system is be powered directly via the RF field provided by the external UHF reader antenna [22] , eliminating the need for an on-board power supply. The SL900A chip includes an internal temperature sensor and has two ADC converter channels to read external sensors. Fig 1 (b) shows a schematic of a two-channel resistive sensor connection to the chip. One channel (EXT 1) measures a resistive value, while the other channel (EXT 2) measures the conductance of the connected resistor. Fig  1(c) shows the configuration for capacitive sensing. In this design, antenna, resistors and capacitors are printed. The only discrete components to be mounted on the substrate are the SL900A and optionally a reference capacitor. Powered by reader's RF signal, the chip can generate four 600 mV AC pulses at about 3 kHz for an AC measurement as shown in Fig 1(d) (waveform as measured on the EXC pin during an RF excitation).
III. INTEGRATED PRINTING AND CHIP ATTACHMENT
A. Integrated Digital Printing
Digital, additive printing of electronic materials allows rapid, highly-customizable fabrication. More complex functionality can be achieved by printing interconnects between silicon ICs and printed active and passive components, to combine the advantages of flexible printed devices with the high performance of silicon chips. This approach typically requires the use of multiple printing techniques, which use inks with a wide range of viscosities to be deposited side-by-side onto the substrate at various resolution and thickness. Table I lists the range of viscosity, typical minimum feature size and thickness for ink-jet, aerosol and extrusion printing methods. To avoid the complexity and yield challenges associated with using multiple tools to build these hybrid systems, we have developed an integrated printer that includes a range of digital deposition approaches. Fig 2 shows a photo of the multimaterial printing system, which comprises an ink-jet head, two auger-type extrusion tools, and an aerosol-jetting tool, along with a substrate stage with precision motion control of x, y, z, ϑ and cameras to enable registration of printed layers. In addition, our integrated printing system is equipped with an UV LED lamp and photonic heater to provide inline curing and drying of printed materials. This system enables multiple divergent materials to be patterned and formed into a sensor tag.
Ink-jet printing allows for deposition of an ink of viscosity in the range of 10 −4 to 10 −2 Pa s. The typical resolution of a jetted silver-nanoparticle ink is about a 60 μm in line width and 30 μm in line spacing. This deposition method can be used to create electrodes with a narrow gap, such as the double-coiled capacitive sensor shown in Fig 6 (a) .
The ink viscosity for pneumatic aerosol-jet is higher than that for ink-jet, in the range of 0.01 to 1 Pa.s. Due to the higher viscosity, the thickness of the printed traces is larger (∼1 μm compared with ∼300 nm from ink-jet). We have used aerosol printing to make fine pitch connections between an RF chip to interconnection paths as shown in Fig 3 (b) .
Extrusion printing can be used for materials with a high viscosity (1-100 Pa.s). Typical line width and line spacing for an extruded silver-nanoparticle ink are about 500 μm and 300 μm, respectively, depending on the gauge of the extrusion needle and the print speed. The thickness of the printed trace is on the order of 10 μm, leading to reduced trace resistance. Extrusion printing can be also used for resistive strain sensors using a carbon ink. Fig 7 (a) shows an extruded Ag antenna as well as carbon strain sensors.
B. Chip Attachment
Integration of the sensor tag includes mounting and electrically connecting the RF chip on the flexible substrate. Distinct approaches to mounting and interconnecting baredie and packaged versions of the SL900 have been developed. The packaged chip has surface-mount pads in a plastic quad-flat no-leads carrier, with a pad size of 400 μm by 355 μm and pad-to-pad spacing of 800 μm. This type of package can be readily mounted on the flexible substrate using anisotropic conductive film (ACF), with a proper temperature and pressure (Fig 8 (a) ) [23] , [24] . The bare-die(unpackaged) version offers a smaller form factor and, especially if thinned, enhanced mechanical flexibility of the resulting device [25] . However, the contact pads on the bare die are typically small, often <100 μm square, and difficult to bond with this method because of the large size of the conductive particles in typical ACFs. Printing offers an alternative fabrication method to achieve high density and low resistance interconnections [21] . Conventional bonding processes, such as wire bonding, can be replaced with the directly printed metal interconnect. One challenge with this approach is that it is difficult to maintain continuous interconnect traces from the substrate over the chip's step-edge and onto the contact pads. This can be mitigated by planarizing the step edge to allow for interconnection.
To avoid the step edge, we developed a chip-mounting method in which the surface of the chip is flush with the substrate as shown in Fig 3. The process starts with a flexible substrate such as polyethylene naphthalate (PEN) with a thickness of 150 μm. The substrate may have circuit interconnects printed with a pre-identified location for the chip. As illustrated in Fig 3(a) , a region of the substrate of the same size as the bare die is removed using a laser. In a next step (Fig 3(b) ), the substrate is placed on a flat article with a tacky upper surface. The tacky layer provides a tight seal against the surface of the chip and the surface of the substrate around the cut off region, and this layer can be removed after the process. In this experiment, we use polydimethyisiloxane (PDMS) for the tacky layer. As shown in Fig 3(b) ,the chip is placed into the cut off region with its contact surface against the tacky layer. We have thinned down the chip using standard wafer grinding and polishing techniques to about 80 μm, making the chip thinner than the substrate. As shown in Fig 3(c) , a filler adhesive is added to the backside and around the side wall of the die. The adhesive can be UV curable polymer. After the polymer is cured, the chip is fixed in place and the tacky layer is removed leaving the surface of the filler and the chip flush with the substrate surface. Fig 3(d) shows he substrate which has been turned over such that the chip contact surface (with circuits/traces on the substrate) is now facing up. With the die surface flush with the substrate, high-resolution patterning can be readily performed to construct conductive connections between the die and the circuit on the substrate. Fig. 4 (a) shows a microscope image of the mounted SL900A bare die which is connected to the antenna printed on the substrate by aerosol-jet printing of a silver nanoparticle ink. The pad size is 100 μm by 100 μm and the pad-to-pad spacing is 200 μm.
Although the die is rigid, because of its small size, the tag can be bent with a diameter below 30 mm (Fig 4(b) ), showing that functionality was unaffected by this bending exercise.
IV. RESULTS & DISCUSSION
A. Printed Antenna
In the integrated sensor tag shown in Fig 8 (a) , the antenna was designed to operate at the reader's frequency of 915 MHz, and to match the impedance of the antenna ports on the packaged chip. In the commercial SL900A development kit, the chip is mounted on a PCB with antenna as shown in Fig. 5(c) . A 39-nH inductor is used to enable matching the RF chip input impedance of 31-320j . For our sensor tags, we explored various types of antenna designs in order to match the input impedance of the RF chip without the need for a separate inductor, in order to minimize the number of components on the substrate, and allowing as much of the complete system to be printed directly from liquid inks as possible.
The design of an antenna is facilitated with a software package to simulate the impedance for a given antenna. The shape and dimension of an antenna, and material parameters such as substrate thickness and dielectric constant, silver trace thickness and conductivity of a designed antenna are used as inputs for the simulation. The goal is to select printable antenna designs resulting in minimal impedance mismatch between the designed antenna and the input impedance of chip SL900A. Fig 5 (a) and (b) show two of the printed antennas, A is similar to a typical dipole antenna and B is a simple meander structure, both of them have a total antenna length of about 250 mm. Table II shows the dimensions of the antennas TABLE II   ANTENNA DIMENSION of Fig 5. Fig 5(d) shows a Smith chart plot of the measured impedance of antenna A. The real and imaginary part of the impedance for antenna A at 915 MHz is about 50 and 143 respectively. The real part of the impedance matches the input impedance of the RF chip, but the imaginary part is does not. For antennas B, The real and imaginary part of the impedance is about 34 and 113 respectively (Smith chat not shown), a more significant mismatch to the input impedance than observed with design A. However, in both cases it was noted experimentally that the performance of the reading response of the chip was adequate for data communication within a distance of 15 cm.
The performance of the antennas was evaluated by measurement of the reading responses of different antenna designs. Antenna radiation pattern and signal strength depend on various factors including surrounding materials, antenna shapes, and orientation. In order to have a good comparison, all substrates are laid flat on a wood surface with antenna arms parallel to the reader antenna in the same environment. The measurement was performed using an AMS Radon reader 15 cm from the tag. The reader output power at 915 MHz is ∼30 dBm. To evaluate the RF communication strength of the sensor tags, the number of successful sensor responses during a time interval of 120 seconds was repeatedly counted over 10 times. The average responses from the stock PCB antenna that included a separate inductor is about 850. Antenna A with no additional inductor gave an average count of 900 responses, which is about 5% improved from that of the PCB antenna. With antenna B, an average count of 300 responses was measured. The improved reading response count of antenna A is likely due to better impedance matching of antenna A relative to B.
B. Printed Carbon Strain Sensor
The serpentine-type strain sensors are designed with targeted resistance range of 50 k to 2 M , compatible with the internal reference resistor of the chip (Fig 8 (a) ). The extruded carbon ink is formed by mixing a low-conductivity carbon-based ink (Creative Materials 112-47) with a highconductivity carbon-based ink (Creative Materials 112-48) with weight ratio 5:2 in order to bring the resistance into the targeted range. Showing in Fig. 8 (a) , a printed carbon strain sensor is connected to extruded silver traces. The total length of the serpentine carbon line is about 140 mm, the line width is about 1 mm, and the height is about 20 μm. Fig. 6 (a) shows resistance change when the carbon strain sensor is under compressive and tensile bending conditions with various bending radii ranging from 500 mm to 90 mm.
After each bend at a given radius, the sensor is relaxed to its natural position and the resistance value (as shown in black) is observed to return to the initial value.
The gauge factor of the carbon strain sensor is extracted from a plot of the relative resistance change as a function of strain as shown in Fig 6(b) . The resistance change is relative to the resistance at its nature state. The strain value is calculated according to Equation (1),
Here d f and d s is the thickness of the substrate (150 μm) and carbon resistor (∼20 μm) respectively. R is the bending radius.
In this bending range the gauge factor, which is the slope of the plot of R/R vs strain, is ∼66 in both tensile and compressive bending directions. The carbon strain sensor's response is not linear under small-diameter bending, especially for tensile strain. This effect is not ameliorated by dielectric encapsulation to enhance adhesion of the carbon ink to the substrate, and may be attributed to a change in the internal structure of carbon based material [26] .
C. Printed Touch Sensor
As shown in the schematic in Fig 1 (c) , a capacitance change can also be read by the SL900A chip, which can be used for touch sensing. Shown in Fig 7(a) are two identical capacitors made using an inkjet-printed silver-nanoparticle ink. Each capacitor is formed by double wrapped coils (14 loops), each coil is designed according to spiral Equation (2):
in which r is the radius of each turn of the spiral, b is a constant, determining the density of a coil. Parameter b is chosen such that the distance between each turn is about 360 μm. Parameter a is a constant for the outer dimension of the coil. For the second coil, r2 = r1+180μm. The printed trace is 80 μm wide, and the gap between the two coils is therefore about 100 μm. When an object touches, or is placed near the gap between the two coils, there is a change in capacitance associated the permittivity change. The size of the gap is an important design parameter. If the gap is too small, the fringe field between the two conductors will be more concentrated at the surface of the substrate and less sensitive to a finger touch. On the other hand, if the gap is too large, the fringe field will be too weak near the surface. Table III shows experimental data indicating the capacitance change from the coils with and without a finger touch at different measurement frequencies. In this experiment, the coils were covered by a thin (90 μm) sheet of paper to protect the coil from rubbing. Due to dielectric dispersion, the capacitances decrease at higher frequency. Upon finger contact, the change in capacitance is larger when the frequency is lower. At 1 kHz (SL900A measurement frequency), a finger touch causes a 10% change in capacitance, which can be readily detected by an external circuit. It is noticed that the capacitance change is sensitive to touch pressure and skin moisture. During a measurement, the capacitive sensor is excited with a Fig 1 (d) ). The measured voltage at the sensor node is:
When the reference voltage V R E F is constant while the capacitance of the sensing capacitor C S E N or reference capacitor C R E F increases, the voltage measured at input sensor node 1 changes according to Equation (3) . Fig 7 (b) shows the sensor readout data from the SL900A chip. At time t 1 and t 3 , a finger touch on the sensing capacitor causes a positive capacitance change of ∼40% relative to the reference capacitor. At t 2 , when a finger is placed on the reference capacitor, a decrease in capacitance of the reference capacitor versus the sensing capacitor is observed. Since the amount of increase in the reference capacitance only affects the denominator in Equation (3), the decrease in the voltage at the sensor node is not as large as the change at time t 1 and t 3 .
D. Integrated Sensor System With Strain and Temperature Sensors
Shown in Fig 8 is an example of complete system made through integration of a c-Si CMOS (SL900A chip) with digitally printed touch and strain sensors, antenna and interconnects. The sensor tag is fabricated on s 150 μm PEN substrate as shown Fig. 8(a) . The antenna is made by extrusion printing of silver nanoparticle ink. The strain sensor is formed by extrusion printing of a resistive carbon ink and connected to the external sensor input EXT2 pin on the SL900A chip, as shown in the schematic of Fig 1 (b) . The EXT2 sensor input on the reader is configured as conductance measurement. The touch sensor is made by aerosol jetted silver ink, as described in the previous sub section. There is a 10 pF surface mount discrete capacitor mounted by ACF as a reference capacitor and connected as in the schematic of Fig 1 (c) . The EXT1 sensor input is configured as capacitance measurement. The packaged chip is bonded to the printed interconnects on the substrate with ACF. Fig 8(b) shows an example of reading three sensor values from touch and strain sensors as well as the ambient temperature. To show touch sensing, a finger touched briefly on the sensing capacitor at time t 1 , causing a positive capacitance change of ∼7% (red curve). At time t 2 , the strain sensor is under a tensile bending with bending radius of about 17 cm, the resistance of the strain sensor increases about 3%, and the reading shows a dip for the conductance value (green curve). The SL900A also contains an internal temperature sensor. The temperature reading is tested with a hot air gun (blue curve). At t 3 , hot air is directed onto the chip and the reported temperature rises to ∼30°C. When hot air is directed to both chip and the strain sensor, the strain sensing value changes due to bending caused by the flowing air (150-500 liters/minute volumetric flow rate). However, with a similar bending radius, the resistance change is larger than that at room temperature (time t 4 ). This is mainly due to the temperature dependence of the resistance of the strain sensor and could be calibrated using the temperature reading. A small change in the capacitance reading is also noticed when the temperature is higher at time t 4 .
V. CONCLUSION
In this paper we described our approach to combining digitally-printed components with Si IC chip for a wireless sensor system on a flexible substrate. The printed components include strain and touch sensors, antenna, and interconnects. An integrated printing system is developed for deposition of versatile materials for different components. The IC chip performs RF communication, analogue to digital conversion, and energy harvesting. For chip attachment to a flexible substrate, we developed a method to planarize the die by embedding it within the volume of the substrate. This method enables direct connection between the contact pads of the die and the corresponding conductive traces on the substrate by printing conductive ink. Our approach facilitates customization to a wide variety of sensors and user interfaces suitable for a broad range of applications including remote monitoring of health, structures, and environment.
